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Background: The use of nickases may avoid toxicity associated with the NHEJ repair pathway in nuclease-induced gene
targeting.
Results: Decoupling the action of the I-DmoI catalytic residues acting on each strand generates a nickase.
Conclusion: An I-DmoI variant was developed for cleaving one of the strands of its DNA target.
Significance: This is the first structure of an engineered nickase in an LAGLIDADG scaffold.
Homingendonucleasesareuseful tools forgenomemodification
becauseof their capability to recognize andcleave specifically large
DNA targets. These endonucleases generate a DNAdouble strand
break that can be repaired by the DNA damage response machin-
ery. The break can be repaired by homologous recombination, an
error-free mechanism, or by non-homologous end joining, a pro-
cess susceptible to introducing errors in the repaired sequence.
The type of DNA cleavage might alter the balance between these
two alternatives. The use of “nickases” producing a specific single
strandbreak insteadof adouble strandbreakcouldbeanapproach
to reduce the toxicity associatedwithnon-homologous end joining
by promoting the use of homologous recombination to repair the
cleavageof a singleDNAbreak.Taking advantageof the sequential
DNAcleavagemechanismof I-DmoI LAGLIDADGhoming endo-
nuclease, we have developed a new variant that is able to cut pref-
erentially the codingDNAstrand, generating anickedDNAtarget.
Our structural and biochemical analysis shows that by decoupling
the action of the catalytic residues acting on each strand we can
inhibit one of themwhile keeping the other functional.
Homing endonucleases (HEs),4 also known as meganu-
cleases, are highly sequence-specific enzymes that recognize
and cleave long DNA targets (12–45 bp), generating double
strand breaks (DSBs). Because of their high specificity, HEs
have a low cleavage frequency even in complex genomes, mak-
ing them powerful tools for genome manipulation in mamma-
lian and plants cells (1, 2). These DSBs can be processed in a
conservative way by homologous recombination or in a less
accurate manner by non-homologous end joining, which usu-
ally results in insertions or deletions leading to genomic insta-
bility (3). Recent studies have shown that a single strand nick
might stimulate homologous recombination repair (4–7), sug-
gesting that the error-prone non-homologous end joining can
be efficiently avoided by customized “nickases” producing sin-
gle strand breaks, thus reducing the toxicity associated with
genome modification. Nickases are used in nature for different
natural DNA editing processes (8), but they can be generated
artificially by protein engineering on the catalytic sites of zinc
finger nucleases, transcription activator-like effector nucleases,
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (CAS), and HEs.
HEs have been classified in five families, the largest of which
contains the conserved LAGLIDADG sequence motif (9). The
three-dimensional structures of several LAGLIDADG homing
endonucleases (LHEs) indicate that these proteins adopt a sim-
ilar active conformation as homodimers or as monomers with
two separate domains. LHEs that contain a single copy of this
motif, such as I-CreI and I-CeuI, act as homodimers and recog-
nize a nearly palindromic DNA target. Conversely, LHEs con-
taining two copies, such as I-DmoI, I-SceI, and PI-SceI, act as
monomers with two domains, each bearing an LAGLIDADG
motif, that recognize non-palindromic DNAs. The interface
between the two domains forms the catalytic center, which is
composed of two sites, each responsible for cleaving one DNA
strand (10).
The I-DmoI catalytic center has two acidic residues located
at the end of the two LAGLIDADG -helixes: Asp-21 (from
domain A) and Glu-117 (from domain B) that define two dif-
ferent metal sites (sites A and B, respectively) for cleaving each
DNA strand. These sites are separated and need the entrance of
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a third metal in a central position in the catalytic center (site C)
to cleave the DNA strands in a sequential manner by a two-
metal ion mechanism (10, 11) (see Fig. 1). In a recent study, we
have reported the seven different catalytic intermediates of the
I-DmoI cleavage reaction (10). In the present study, we used
this information to generate a nickase variant on the I-DmoI
scaffold.
Experimental Procedures
Protein Expression, Purification, ProteinDNA Complex For-
mation, and Crystallization—I-DmoI wild type and mutant
variants were cloned, expressed, and purified following earlier
protocols (11, 12). ProteinDNA complexes were obtained as
described in Redondo and co-workers (12), and their crystalli-
zation conditions were similar to the wild type I-DmoIDNA
complex crystal structure, ranging from 5 to 6% PEG 4000, 0.07
M sodium acetate, pH 4.6–5.5, and 30% glycerol. The DNA
targets were purchased from Proligo and consisted of the
following duplexes: 1) 5-GCCTTGCCGGGTAAGTTCC-
GGCGCG-3 and 5-CGCGCCGGAACTTACCCGGCAA-
GGC-3 (wild type; not nickedDNA); 2) 5-GCCTTGCCGGG-
TAA-3, 5-GTTCCGGCGCG-3, and 5-CGCGCCGGAAC-
TTACCCGGCAAGGC-3 (nicked in strand A); and 3) 5-
CGCGCCGGAACTTACC-3, 5-CGGCAAGGC-3, and 5-
GCCTTGCCGGGTAAGTTCCGGCGCG-3 (nicked in strand
B). Individual strands inTris-EDTAbuffer in the presence of 50
mM NaCl were combined in a 1:1 ratio and annealed by incu-
bating at 95 °C for 10 min and slowly cooling to room temper-
ature to form DNA duplexes. All of them form a 25-bp blunt
endduplex after incubation. Sample concentrationswere quan-
tified by UV spectroscopy using the calculated extinction coef-
ficients. Protein concentrations were further confirmed by
Bradford assay. To discard that differences in mutant cleavage
activity could arise from changes in protein stability or DNA
binding affinities, the I-DmoI mutants were analyzed by circu-
lar dichroism, thermal denaturation, and binding to the 25-bp
DNA target in fluorescence binding assays.
Biochemical and Biophysical Characterization of Proteins—
Circular dichroism (CD) measurements were performed as
described previously (13). Analytical gel filtration chromatog-
raphy was done at room temperature with an A¨KTA FPLC sys-
tem (GE Healthcare) using a SuperdexTM 200 10/300 GL col-
umn in 20 mM sodium phosphate buffer, pH 6.0 and 1 M NaCl.
100 l of the I-DmoI protein at 0.3 mg/ml concentration was
injected and eluted from the column at a flow rate of 0.2
ml/min. Mass determinations of intact proteins were per-
formed (14), and the intact protein predominantly gave data
obtained by deconvoluting the multiply charged ions (data not
shown) using MagTran software v.1.02 kindly provided by
Zhang andMarshall (15). The mass determination of dissolved
crystals was done as described previously (14).
In Vitro DNA Cleavage Assays—Cleavage assays were per-
formed as described previously (13) at 65 °C in 10mMTris-HCl,
pH 8, 50mMNaCl, 1–10mMMgCl2 (orMnCl2), and 1mMDTT
in a 25-l final volume reaction. Reactions were stopped after
30 min by addition of 5 l of 45% glycerol, 95 mM EDTA, pH 8,
1.5% (w/v) SDS, 1.5 mg/ml Proteinase K, and 0.048% (w/v)
bromphenol blue (6 Buffer Stop); incubated at 37 °C for 30
min; and electrophoresed in a 1% agarose gel (plasmid diges-
tions) or 15% polyacrylamide gel (DNA oligonucleotide duplex
digestions). Cleavage assays using nicked DNA targets were
performed as described previously (11). Additional duplexes
(purchased from Sigma as a racemic mixture) that possess the
same 25-bp target sequence but a phosphorothioate bond in
place of the scissile bond in the 5-phosphate of 3GstrandA or the
5-phosphate of3CstrandB were used tomeasure strand cleav-
age accessibility.
Fluorescence Binding Assay—The dissociation constants of
the I-DmoI variants for their cognate DNA were determined
using the change in the intrinsic fluorescence intensity of the
proteins as the proteinDNA complexes are formed. Binding
reactions were performed by mixing 500 nM I-DmoI with vari-
ous concentrations (0–2000 nM) of the 25-bp-long natural
I-DmoI target duplex in binding buffer (10 mM Tris, pH 8, 50
mMNaCl, and 10mMCaCl2) and incubating for 15min at 50 °C.
Fluorescence emission spectra were recorded at room temper-
ature using a QuantaMaster QM-2000-7 model spectrofluo-
rometer (Photon Technology International) with excitation
fixed at 280 nm and emission in the 325–340-nm range. Each
spectrum was the average of five consecutive scans. After nor-
malization, the dissociation constants (KD) were determined by
non-linear least square fitting (Prism, GraphPad) of the
observed change in fluorescence at 334 nm to the following
equation.
F  Fmax
1
2 P
DNA P KD	 (Eq. 1)
where F is the change in protein fluorescence upon complex
formation, Fmax is the maximum fluorescence change, [P] is
the total protein concentration, and [DNA] is the total concen-
tration of the DNA duplex. Three independent titration curves
were carried out for each protein and used to determine the
average fluorescence values and the standard errors at each
titration point.
Data Collection, Structure Solution, Model Building, and
Refinement—All datawere collected at 100Kusing synchrotron
radiation at the XALOC beamline (ALBA, Barcelona, Spain)
and PXI beamline (Swiss Light Source, Villigen, Switzerland).
Diffraction datawere recorded onADSC-Q315r,Mar225CCD,
or Pilatus detectors depending on the beamline. Processing and
scaling were accomplished with XDS (16) and Scala (17) soft-
ware packages. Statistics for the crystallographic data and
structure solution are summarized in Table 1. The structures
were solved by molecular replacement as implemented in the
program Phaser (18). The searchmodels were based on Protein
Data Bank codes 2VS7 (I-DmoIDNACa2
) and 2VS8
(I-DmoIDNAMn2
). The structures were then subjected to
iterative cycles of model building and refinement with Coot
(19) and PHENIX (20).
Quantum Chemical Calculations—A reaction path connect-
ing the pentacoordinate phosphorus state and the non-cleaved
DNA for the I-DmoI wild type (Protein Data Bank code 2VS7),
I-DmoI G20S (Protein Data Bank code 5AKM), and I-DmoI
Q42A/K120M (Protein Data Bank code 5AK9) has been built
following the same approach as in Mun˜oz et al. (21). The reac-
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tion paths, obtained by formation of the phosphorus bond with
the oxygen of the deoxyribose and cleaving the hydroxyl-phos-
phorus bond, were calculated for both A and B strands. At each
step, all the atoms not directly involved in the reaction were
fully relaxed. The system was divided into two parts using
ONIOM (22). The quantum mechanical part, formed by the
phosphate group, themanganese ion, and its ligands, was mod-
eled via density functional theory using the B3LYP functional
and a 6–311G(d,p) basis set. The non-quantum mechanical
part, including all the atoms within a distance of 8 Å from the
reacting phosphate, interacts with the quantum mechanical
subsystem by electronic embedding.
Molecular Dynamics Simulations—The molecular dynamics
simulations of the I-DmoI wild type and I-DmoIQ42A/K120M
mutant bound to DNA were performed starting from the cor-
responding crystallographic structures (Protein Data Bank
codes 2VS8 and 5AK9, respectively). Version 4 of themolecular
dynamics program GROMACS (23) with Amber99sb-ildn*
force field (24) was used. After 10 ns of equilibration, a molec-
ular dynamics simulation of 50 ns was performed using a time
step of 2 fs. The temperature was kept constant at 343 K using
the velocity rescaling algorithm (25). Every 2 ps, the electric
field given by the atomic charge distributionwas calculated and
projected on the phosphorus-oxygen bond of the coding and
non-coding strands.
Results
The I-DmoI Active Center—Time course strand cleavage
assays showed that in I-DmoI the non-coding strand is cleaved
first before the secondphosphodiester hydrolysis takes place on
the coding strand (10). The catalytic center contains theAsp-21
and Glu-117 residues defining metal sites A and B, respectively
(11). Each residue binds a metal ion (Fig. 1A). In addition, we
have identified a metal site (site C) that contacts the catalytic
acid residues (Asp-21 and Glu-117), the 5-phosphates of
3GstrandA and 3CstrandB, and the 3-hydroxyl groups of the
riboses of 2AstrandA and2CstrandB (Fig. 1B).
The I-DmoI cleavage mechanism follows a determined
cleavage sequence; the metal sites are occupied in a specific
order allowing catalysis (Fig. 1C). Initially, site A is filled fol-
lowed by site B, and finally a third metal ion enters the central
location in site C (10). The metal ion in site C has a pivotal role
in the reaction, allowing the proper geometry for two-metal ion
catalysis and triggering the digestion of the DNA target. Thus,
this metal in the central site has a role equivalent to that of the
second metal site in the classical two-metal ion mechanism of
phosphodiester bond catalysis. After phosphodiester bond
cleavage, the metal in site C abandons the active center, and its
position is occupied by a water molecule (10). The metal in site
C does not seem to be responsible for the sequential order of
cleavage. The active site pocket is lined with several basic resi-
dues that contact both DNA and solvent atoms. Thus a lysine
residue is essential for proton transfer and solvent activation
and does not participate inmetal binding but instead is found in
a basic pocket near the scissile phosphate and nucleophilic
water (26). Crystallographic structure comparison allowed
finding similar residues in other HEs (Table 2). The asymmetry
between sites A and B in I-DmoI is defined by the presence of
Lys-120 on site A. This residue coordinates the water molecule
TABLE 1
Data collection and refinement statistics
*, values in parentheses are for the highest resolution shell. One crystal was used to solve each structure. a.u., asymmetric unit; a.s., asymmetric surface; R.m.s., root mean
square; PDB, Protein Data Bank; -, anomalous diffraction data not deposited.
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that attacks the scissile phosphate of the non-coding strand (10)
(Fig. 1). Although no equivalent residue is found on site B
(Table 2), awatermolecule can be found at the right position for
the second nucleophilic attack (10) (Fig. 1).
Moreover, the use of phosphorothioates (27), a phosphate
modification that affects the hydrolysis reaction, in the
5-phosphate of 3GstrandA or the 5-phosphate of 3CstrandB
showed that generation of aDSBwasmuchmore affectedwhen
themodification was present on the coding strand than when it
was included in the non-coding strand (Fig. 2), suggesting that the
cleavageof the coding strand in siteBcouldbedecoupled fromthe
non-coding strand cut in site A. Therefore, after analyzing these
data, we searched for different strategies to generate I-DmoI vari-
ants that could cut only one of the target strands.
Mutations inAsp-21 andGlu-117—Initially, we attempted to
inactivate the acidic metal binding residues in site A or site B.
However, mutations such as D44A or D145A in I-SceI, another
monomeric member of the LAGLIDADG family (28), and
D21N or E117Q in I-DmoI (29) completely abolished the LHE
DNA cleavage, thus inactivating the active center. These
mutants revealed an intricate coordination between the active
sites in the monomeric LHEs, indicating that the mutation of
the catalytic residueswill not yield nickase variants. This behav-
ior was also observed in other mutants, D21A, D21G, E117A,
andE117G, in I-DmoI that lead to totally inactive variants of the
enzyme (Table 3). However, in contrast to previous reports
(29), the D21Nmutation generated a DSB in the target and low
nickase activity using a plasmid containing I-DmoI target (Fig.
3A). We also checked whether changes in the length of the side
chain of acidic residues could influence the catalysis. We gen-
erated the D21E, E117D, andD21E/E117D variants. Both D21E
and D21E/E117D variants were inactive (Table 3), most likely
due to the fact that site A cannot accommodate a glutamic side
chain. However, I-DmoI E117D cleaves both DNA strands
although at a reduced rate. These results are consistent with
those of Silva and Belfort (30).
Mutations in the Basic Pocket in Site A—Other essential res-
idues in the basic pocket have been modified in I-SceI and
I-AniI (28, 31) (Table 2). These amino acids contribute to orga-
nize the solvent network involved in catalysis. For instance in
I-CreI, Lys-98 is essential for nucleophilic water activation (26).
A comparison of several crystallographic structures has identi-
fied the common roles of different residues among several
LHEs (26) (Table 2). Mutation of Lys-122 or Lys-223 in the
monomeric I-SceI produced variants with strand-specific
DNA-nicking activity (28). Similarly, mutations on the Lys-227
residue of the I-AniI HE result in a DNA-nicking activity (31).
In I-DmoI, an equivalent residue in the basic pocket is Lys-120,
only present in site A (Fig. 1 and Table 2). We generated the
I-DmoI K120M variant, and its activity was analyzed using a
plasmid assay. After incubation, the substrate was nicked with
respect to the I-DmoI wild type or control DNA (Fig. 3A).
Mutations in the Periphery of Sites A and B—Gln-42 in site A
and Asn-129 in site B are the polar partners in the basic pocket of
I-DmoI (26) (Fig. 1 and Table 3). We mutated these residues to
evaluate their role incatalysis.TheN129DandQ42Evariantswere
generated to observewhether a charged side chain of a similar size
could promote different contacts with solvent surrounding the
metal ions in sitesA andB.TheN129Dmutantwas inactive; how-
ever, Q42E displayed partial nickase activity (Table 3).
Double and TripleMutants—In contrast with I-AniI where a
single mutation, K227M, displayed more than 99% nicking
activity (31), different single mutations in the catalytic center
do not yield a complete nickase activity. Therefore, we com-
bined double and triple mutants to generate a nickase in
I-DmoI (Fig. 3A). The I-DmoI D21E/K120M, I-DmoI Q42E/
K120M, and DmoI Q42A/K120M variants were expressed, and
their nickase activity was analyzed. The three combinations
showed enhanced nicked cleavage with an increase in the ratio
of nicked/linearized products. The D21E/K120M and Q42A/
K120M displayed the largest nickase activity. Surprisingly, the
D21E/K120M mutant cleaved the DNA target, whereas the
D21Emutant did not show any activity. Time titration cleavage
showed that I-DmoIQ42A/K120Mbehaves as a nickase, affect-
ing the non-coding strand cleavage rate (Fig. 3B) and generat-
ing a nickase activity of almost 70% of the total cleavage reac-
tion (Fig. 3C). This behavior is different compared with I-AniI,
another monomeric LHE, where the double mutant of the
equivalent residues (Q171K/K227M) is totally inactive (31).
To further improve these nickases, we combined the double
mutants with some additional changes, thus generating the
triple mutants D21E/Q42E/K120M, D21N/Q42E/K120M,
ID21E/Q42A/K120M, and D21N/Q42A/K120M. All these
FIGURE 1. I-DmoI active site. A, detailed scheme of the I-DmoI active site at the reactant state (Protein Data Bank code 4UN9) including the 2Fo Fc map
contoured at 1.2. The sequence of the DNA target is shown below. Red arrowheads indicate the cleavage sites. B, scheme of the active center contacts. Bases
are colored in gray orwhite depending onwhether they contact the protein amino acids or not, respectively. The red arrowheads indicate the positions of the
targeted phosphodiester bonds (orange). Catalytic waters are shown inmagenta. C, schematic diagram summarizing the catalyticmechanism. The color key is
the same as in A. Metal ion occupancy at site C is depicted by the color intensity (brown), revealing its crucial role in catalysis, triggering the consecutive
hydrolysis of the targeted phosphodiester bonds in DNA strands and leaving its position once a double strand break is generated.
TABLE 2
Summary of conserved motif and active site residues for monomeric
LHE structures
PDB, Protein Data Bank; —, no equivalent residue found at this position.
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variants were inactive except D21E/Q42E/K120M (Fig. 3A),
which displayed substantial nickase activity, but no further
improvement was detected when compared with the Q42A/
K120M variant.
The Role of Gly-20 in the Active Center—During the reengi-
neering of I-CreI variants targeting the RAG1 gene (21), we
observed that the G19S mutation in only one of the monomers
improved DNA cleavage. This mutation promoted a new inter-
action through the hydroxyl side chain, forming a hydrogen
bond with the carbonyl group of the Gly-15 backbone from the
other monomer. The presence of Ser-19 in both monomers
hampered the catalysis probably due to a steric clash that dis-
torts the catalytic center built by both monomers (32). There-
fore we introduced this mutation in I-DmoI to check whether a
similar effect could happen in monomeric LHEs, mutating the
corresponding residues in the I-DmoI scaffold, A116S and
G20S, in the neighborhood of sites A and B (Table 3). The
A116S variant resulted in a protein with very low double strand
cleavage and no nickase activity. However, the G20S mutation
generated a protein with reduced double strand cleavage and
strong nickase activity (Table 3 and Fig. 4A). Structural analysis
of the I-DmoI G20S mutant (Protein Data Bank code 5AKM)
showed that both active sites A and B are affected. Superposi-
tion of I-DmoI wild type and the G20S structures (Fig. 4B)
showed a repulsive interaction between Ser-20 and Ala-116
side chains (affecting site A) and a new hydrogen bond between
Ser-20 and Gly-16 (affecting site B) that are not found in the
wild type protein. Indeed, quantum chemical analysis of the
I-DmoI G20S variant energy profiles (Fig. 5A) provided a static
picture of the cleavage barrier (without including any entropic
effects), showing that the G20Smutationmakes the cleavage of
theDNAcoding strandmore energetically efficient, in about 30
kcal/mol, over the non-coding strand. Thus we generated the
I-DmoI Q42A/A116S/K120M variant and the triple mutant
I-DmoI G20S/Q42A/K120M without success. The first triple
mutant was inactive, whereas the second cleaved both strands
(Fig. 4A). The combination of the G20S and the Q42A/K120M
mutations did not result in a better nickase activity.
To unravel this effect, we solved the I-DmoI G20S crystal
structure.We observed that the Ser-20 side chain contacts Ala-
116, affecting the catalytic configuration in the active site A.
One possibility is that altering the non-coding strand cleavage
rate generates the nickase activity. Indeed, quantum chemical
calculations showed that the G20S mutation makes the cleav-
age of the DNA strands energetically different in about 30 kcal/
mol (Fig. 5A), supporting this explanation.
After this extensive mutational study, a nickase activity was
observed in the I-DmoIQ42A/K120Mvariant (Fig. 3), although
it maintains residual DSB activity. The DNA binding and pro-
tein stability of this variant were also checked to discard that
any cleavage differences are due to these factors (Fig. 6).
Crystal Structure of a Nicking I-DmoI Q42A/K120M
Mutant—The structure of I-DmoI nickase (Q42A/K120M) in
complex with its DNA target was solved at 2.6-Å resolution in
the presence ofMn2
. The positions ofMn2
 ions in the crystal
structure were confirmed by collecting anomalous diffraction
data (Table 1 and Fig. 7A). Supporting our activity assays, the
enzyme was able to perform catalysis only in the coding strand.
We observed in the structure the twomutated residues and the
intact non-coding strand. The rest of the catalytic center was
 
Target 1  Target 2
6FAM- 5´- GCCTTGCCGGGTAASGTTCCGGCGCG 
     3´- CGGAACGGCCCATT CAAGGCCGCGC  
5´-GCCTTGCCGG GTAAGTTCCGGCGCG 
     3´-CGGAACGGCCSCATTCAAGGCCGCGC 6FAM  - 5´
- 3´ - 3´
- 5´-
 Coding Strand A
 Non-Coding Strand B
 Coding Strand A
 Non-Coding Strand B
FIGURE2. I-DmoIWTstrandcleavagepreferenceafterphosphorothioatesubstitution.Thefiguredisplaystimecoursetitrationsusingphosphorothioate6-fluorescein
amidite (6FAM) labeling in coding strandA (Target 1) or coding strand B (Target 2). Oligonucleotides and I-DmoI at 750 nMwere incubated at 65 °C from0 to 60min.
TABLE 3
I-DmoI mutation list and cleavage activity on plasmid DNA

, low cleavage;

, medium cleavage;


, high cleavage.
I-DmoI mutations No cleavage Cleavage Nick
I-DmoI WT 



D21A 

D21E 

D21N 
 

E117A 

E117D 

D21E/E117D 

Q42E 
 


K120M 
 

N129D 

Q42E/K120M 
 


Q42A/K120M 
 



D21E/K120M 
 


D21E/Q42E/K120M 
 

D21N/Q42E/K120M 

D21E/Q42A/K120M 

D21N/Q42A/K120M 

G20S 
 


G20S/Q42A/K120M 



A116S 

Q42A/A116S/K120M 

G20S/E117D 
 


G20S/K130M 

G20S/N129D 

G20S/E117D/K130M 
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FIGURE 3. I-DmoI and variant cleavage assays. A, these cleavage assays were performed using a plasmid containing the target site. The assay distinguishes
between three plasmid states: supercoiled state (no cleavage), linearized state (strands A and B are cleaved), and nicked state (only one strand is cleaved).
Plasmid concentrations are 2 nM for the target DNA and 100 nM for I-DmoI WT and I-DmoI variants. The reaction mixture was incubated for 30 min at 65 °C in
the presence of 10 mM Mg2
. B, time course cleavage on coding strand A (left panel) and on non-coding strand B (right panel) using I-DmoI Q42A/K120M in
complex with its oligonucleotide target DNA. Nicked DNA and I-DmoI Q42A/K120M at 750 nM were incubated at different times ranging from 0 to 35 min at
65 °C in thepresenceof 10mMMg2
.C, time course showing thepercentageof coding strandAandnon-coding strandB cleavageby I-DmoIQ42A/K120 along
time. The gray area represents the differences between strand A and B cleavage. Differences between single and double strand breaks in the target are
quantified as a percentage in the chart on the right.
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very similar to the fully cleaved target structure (Protein Data
Bank code 2VS8) (11) (Fig. 7B). The twoMn2
 ions are located
in the same position, and the catalytic residues superimpose
very well with the wild type structure (Cactive site root mean
square deviation, 0.26 Å). Although the nucleophilic water in
site A is present at the active center, the Q42A/K120M muta-
tions alter the catalytic water chemical environment, hamper-
ing the phosphodiester bond cleavage in the non-coding strand
B (Fig. 7A).
To further test our nickase mutant, we crystallized and
solved the structures of I-DmoIQ42A/K120M in complex with
artificially nicked double strand oligonucleotides, mimicking
cleaved coding or non-coding strands, in the presence ofMn2

(Fig. 7, C and D). The structure of I-DmoI Q42A/K120M in
complex with nicked DNA in the coding strand (Fig. 7C) dis-
played an intact phosphodiester bond in the non-coding strand.
Interestingly, in site B, a water molecule is observed instead of
the expected Mn2
 ion. The most likely explanation for this
finding is that the nick in the coding strand positions the phos-
phate group in a conformation that disturbs the entrance of the
catalytic ion.
Conversely, the catalytic watermolecule is found close to the
Mn2
 ion at active site A (Fig. 7C), but the mutation K120M
seems to avoid the activation of this water for Sn2 nucleophilic
attack on the corresponding phosphate of the non-coding
strand. In addition, I-DmoI Q42A/K120M crystallized with
nicked DNA in the non-coding strand shows a double strand
break and two Mn2
 ions (Fig. 7D), one in the active site B
(metal site B) and the other one in the active siteA (metal siteA)
resembling the final catalysis step reported previously (10, 11).
These three structures (Protein Data Bank codes 5AK9, 5AKF,
and 5AKN) show that the I-DmoI Q42A/K120M variant func-
tions primarily as a nickase.
Molecular Dynamics of the Nickase Variant—The electric
field projections for the I-DmoI wild type and the Q42A/
K120M mutant on the P–O bonds were measured to observe
possible differences in the activation energy (Fig. 5B). The
Q42A/K120M double mutation produced significant changes
in the electric field on the non-coding strand, shifting the elec-
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FIGURE 4. The I-DmoI G20S variant. A, the I-DmoI mutant cleavage assays
using a plasmid detect the supercoiled (no strands are cleaved), linearized
(strands A and B are cleaved), and nicked states (only one strand is cleaved).
Plasmid concentrations are 2 nM for the target DNA and 100 nM for I-DmoIWT
and I-DmoI variants. Cleavage incubation was carried out for 50 min at 65 °C
in the presence of 10mMMg2
. B, superimposition of the active center struc-
tures of I-DmoI wild type (black) and the final state of the I-DmoI G20S variant
(green).
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tric field distribution0.03 atomic unit comparedwith I-DmoI
wild type. However, the effect of this double mutation on the
coding strand is almost negligible as it displays an electric field
distribution similar to that of the I-DmoI wild type. These
results provide a physical explanation of the experimental data.
Thus, assuming that the titration time only depends on the
cleavage barriers and these barriers are mainly determined by
the perturbation of the catalytic center environment, the nick-
ase effect observed in the Q42A/K120M variant might be
explained by the perturbation produced by themutations in site
A dynamics while keeping site B intact. These changes would
not allow phase-space configurations compatible with the
cleavage on the non-coding strand.
Discussion
Taking advantage of the sequential catalytic mechanism of
I-DmoI and the different chemical environments in sites A and
B (10) (Fig. 1), we have introduced mutations in the active cen-
ter to generate a nickase activity. Our biochemical experiments,
the crystal structures, and a molecular dynamics analysis have
dissected the intricate relationship in the catalytic center, pro-
viding the framework to engineer a specific single strand cutter
on the I-DmoI scaffold.
Differentmutations (Table 3) were carried out in the I-DmoI
catalytic center to determine the role of these residues during
cleavage. Mutations in the acidic residues involved inmetal ion
binding have been reported to abolish LHE activity. However,
the I-DmoID21Nmutant presentedDSB and lownickase activ-
ity (Fig. 3A), whereas the I-DmoI E117Q variant showed no
activity, supporting that site B ismore difficult tomodify. Other
conservative variants thatmodified the size of the side chains of
these residues (I-DmoI D21E and I-DmoI D21E/E117D) were
totally inactive. In contrast, I-DmoI E117D partially cleaved
DNA.Therefore, we discarded the possibility of building a nick-
ase by disrupting or altering one of the acidic residues in site A
or B.
The basic residues in the periphery of sites A and B contrib-
ute to order the network of water molecules involved in catal-
ysis (Table 2). The basic pocket is composed by Lys-120 and
Gln-42 in site A and Asn-129 in B. Although we precluded
I-DmoI cleavage by theN129Dmutation, theQ42E andK120M
mutations generated a partial nickase by disturbing non-coding
strand cleavage. Finally, the combination ofQ42A/K120Mgen-
erated a nickase variant activity (Figs. 3 and 7). The crystal
structure of this mutant was solved, showing only the coding
strand cleaved when it was co-crystallized with an intact oligo-
nucleotide (Fig. 7A). The crystals structures with nicked oligo-
nucleotides show that this variant was unable to cut the non-
coding strand even when the coding strand was cleaved (Fig. 7,
C andD). These structures corroborate that the Q42A/K120M
mutations alter the cleavage rate in site A without affecting site
B. This is the first time that the crystal structure of an engi-
neered LHE working as a nickase has been observed (Protein
Data Bank codes 5AK9, 5AKF, and 5AKN).
These data were supported by in vitro cleavage titration
assays (Fig. 3B). Our molecular dynamics studies also sup-
ported these experimental observations (Fig. 5), suggesting that
the Q42A/K120M protein dynamics disturb the non-coding
strand cleavage.
Our attempts to improve this nickase variant by combining
the previously reported activity-enhancingmutation G20S (21)
with the Q42A/K120M variant did not work. Also modifica-
tions in Ala-116, which is similarly located in site B, did not
yield the desired results (Figs. 4 and 5A and Table 3). The triple
mutant I-DmoI G20S/Q42A/K120M recovered an almost per-
fect double strand cleavage with no nickase activity. This sug-
gests that a compensatory effect must occur with the G20S
mutation over Q42A/K120M to obtain the reversion of the
nickase activity created by Q42A/K120M.
The extensive network of interactions in the active center of
the I-DmoI catalytic sitemade the possibility of building a nick-
ase in this enzyme a difficult task. However, our data dissecting
the sequential mechanism of DNA target cleavage have pro-
vided us with the information to decouple the cleavage of the
target strands. Our work shows that the redesign of LHEs can
I-DmoI WT (Kd = 109 ± 6 nM)
I-DmoI D21A (Kd = 421 ± 6 nM)
I-DmoI Q42A/K120M (Kd = 0.3 ± 1.4 nM)
I-DmoI K120M (Kd = 90 ± 50 nM)
I-DmoI E117A (Kd = 16 ± 11 nM)
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FIGURE 6. Binding and protein stability of different I-DmoI variants. A, protein-DNA Kd binding of I-DmoI variants. Binding reactions were performed by
mixing 500 nM I-DmoIwith different concentrations (0–2000 nM) of the 25-bp-long natural I-DmoI target duplex in binding buffer after incubating themixture
for 15 min at 50 °C. Each point was the average of five consecutive measurements. Error bars represent S.D. B, CD thermal denaturation analysis. Thermal
denaturation curves were obtained at a protein concentration of 10 M in a 2-mm cuvette. The ellipticity at 222 nmwas recorded at 1 °C/min intervals.
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also be attempted in their active centers. The customization of
these enzymes by combining new target recognition sequences
and single and double strand cutters may be an option to create
new genome-modifying tools.
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